We develop a previously proposed gauge-invariant method to integrate out infinite tower of Kaluza-Klein (KK) modes of vector and axialvector mesons in a class of models of holographic QCD (HQCD). The HQCD is reduced by our method to the chiral perturbation theory with the hidden local symmetry (HLS) having only the lowest KK mode identified as the HLS gauge boson. We take the Sakai-Sugimoto model as a concrete HQCD, and completely determine the O(p 4 ) terms as well as the O(p 2 ) terms from the DBI part and the anomaly-related (intrinsic parity odd) gaugeinvariant terms from the CS part. Effects of higher KK modes are fully included in these terms. To demonstrate power of our method, we compute momentum-dependences of several form factors such as the pion electromagnetic form factors, the π 0 -γ and ω-π 0 transition form factors compared with experiment, which was not achieved before due to complication to handle infinite sums. We also study other anomaly-related quantities like γ * -π 0 -π + -π − and ω-π 0 -π + -π − vertex functions.
We develop a previously proposed gauge-invariant method to integrate out infinite tower of Kaluza-Klein (KK) modes of vector and axialvector mesons in a class of models of holographic QCD (HQCD). The HQCD is reduced by our method to the chiral perturbation theory with the hidden local symmetry (HLS) having only the lowest KK mode identified as the HLS gauge boson. We take the Sakai-Sugimoto model as a concrete HQCD, and completely determine the O(p 4 ) terms as well as the O(p 2 ) terms from the DBI part and the anomaly-related (intrinsic parity odd) gaugeinvariant terms from the CS part. Effects of higher KK modes are fully included in these terms. To demonstrate power of our method, we compute momentum-dependences of several form factors such as the pion electromagnetic form factors, the π 0 -γ and ω-π 0 transition form factors compared with experiment, which was not achieved before due to complication to handle infinite sums. We also study other anomaly-related quantities like γ * -π 0 -π + -π − and ω-π 0 -π + -π − vertex functions.
PACS numbers:
I. INTRODUCTION
Holography, based on gauge/gravity duality [1, 2] , has been of late fashion to reveal a part of features in strongly coupled gauge theories. Application to QCD, which is called holographic QCD (HQCD), is useful to check the validity of the holographic correspondence. In some models [3] [4] [5] [6] which realize the chiral symmetry breaking of QCD, it has been shown in the large N c limit that some observables of low-energy QCD are consistent with the experiment. There are two types of holographic approaches: One is called "top-down" approach starting with a stringy setting; the other is called "bottom-up" approach beginning with a five-dimensional gauge theory defined on an AdS (anti-de Sitter space) background. It is a key point to notice that, whichever approaches, one eventually employs a five-dimensional gauge model with a characteristic induced-metric and some boundary conditions on a certain brane configuration.
Holographic recipe tells us that classical solutions for boundary values of bulk fields serve as sources coupled to currents in the dual four-dimensional QCD. Green functions in QCD like current correlators are thus evaluated straightforwardly from the boundary action as a generating functional in the large N c limit [5, 6] . Equivalently, one can show that those things are calculable from the five-dimensional action by performing Kaluza-Klein (KK) decomposition of the bulk gauge fields and identifying KK fields themselves as vector and axialvector fields of a low-energy effective model dual to QCD [3, 4] . In this sense, one can say that, in the low-energy region, any model of HQCD is reduced to a certain effective hadron model in four dimensions. Such effective models include vector and axialvector mesons as an infinite tower of KK modes together with the Nambu-Goldstone bosons (NGBs) associated with the spontaneous chiral symmetry breaking. Infinite tower of KK modes (vector and axialvector mesons) then contributes to Green functions such as current correlators and form factors. Here we follow the latter approach [3, 4] dealing with the bulk action as a functional of the gauge fields.
It was pointed out [3, 4, [7] [8] [9] that the infinite tower of KK modes is interpreted as a set of gauge bosons of hidden local symmetries (HLSs) [10] [11] [12] . Note that since the KK modes as the gauge bosons of HLSs are not necessarily mass eigenstates, we should distinguish them ("HLS-KK modes", V (n) µ in Eq.(2.12)) from the conventional KK modes (B (n) µ in Eq.(2.14)). Hereafter we shall call the HLS-KK modes simply the KK modes. Solving away higher KK modes through the equations of motion derived from the five-dimensional effective action, which is equivalent to integrating out KK modes in terms of functional integral, we showed [13] that, in the low-energy region, any holographic model can be formulated in the HLS notion to be reduced to the HLS model having a finite set of HLS gauge bosons with the lowest one identified as the ρ meson and its flavor partners.
Instead of dealing with the infinite tower of KK modes, we demonstrated [13] that effects from the higher KK modes are fully incorporated into coefficients of the O(p 4 ) terms in the HLS field theory extended from the conventional chiral perturbation theory (ChPT) [14] , so-called the HLS-ChPT [12, 15] . (Similar method of integration out was also considered in Ref. [16] .) Furthermore, since it is a manifestly HLS-gauge invariant formulation, one can calculate any Green function order by order in the derivative expansion, or loop expansion, in which higher order corrections may be identified with the 1/N c -subleading effects which are not easily figured out in HQCD. In fact we calculated meson-loop corrections as 1/N c -subleading effects in terms of the HLS-ChPT for the Dirac-Born-Infeld (DBI) part in the Sakai-Sugimoto (SS) model [3, 4] .
In this paper, our method will be developed in details including external gauge fields such as photon in a class of HQCD models including the SS model. By construction our method is manifestly invariant under the HLS and the chiral symmetry including the external gauge symmetry. It will be shown that on the contrary, a naive truncation simply neglecting higher KK modes of the HLS gauge bosons violates the HLS and the chiral symmetry including the external gauge symmetry. We further extend our method to the Chern-Simons (CS) part. In the case of the SS model we present a full set of the O(p 4 ) terms of the HLS Lagrangian computed from the DBI part at the leading order of 1/N c expansion, which was partially reported in the previous work [13] . In addition, the anomaly-related (intrinsic-parity odd (IP-odd)) gauge-invariant terms introduced in Refs. [11, 12, 17] are completely determined from the CS part. Once the O(p 4 ) terms are determined, calculation of meson-loop corrections of subleading order in 1/N c expansion in terms of the HLS-ChPT can be performed.
Throughout this paper, we will confine ourselves to the large N c limit, leaving calculations of 1/N c -subleading order in future works. Even in the large N c limit, our method is useful especially for studying momentum-dependences of several form factors, which was not achieved due to complication to deal with the infinite sum. Actually, given a concrete holographic model not restricted to the SS model, our method enables us to deduce definite predictions of the model for any physical quantity to be compared with experimental data.
Here we demonstrate power of our method in the case of the SS model. The form factors are calculable in the general framework of the HLS model with its parameters determined by the SS model for IP-odd processes as well as IP-even ones. The electromagnetic (EM) gauge invariance and the chiral invariance are automatically maintained since our method is manifestly invariant under the external gauge symmetry as well as the HLS. As to IP-even processes, an explicit form of the pion EM form factor is given to be compared with the experimental data. As to IP-odd processes, we also give explicit forms of the π 0 -γ and ω-π 0 transition form factors and the related quantities such as γ * -π 0 -π + -π − and ω-π 0 -π + -π − vertex functions. To show that our formulation correctly includes contributions from infinite set of higher KK modes, we further derive the same results by a different method dealing with the infinite sum explicitly without using the general HLS Lagrangian. It reveals the fact that infinite sum is crucial for the gauge invariance. Actually, the EM gauge symmetry and chiral symmetry (low-energy theorem) are obviously violated by a naive truncation simply neglecting higher KK modes instead of taking the infinite sum. Note that the importance of the higher KK modes is visible only in the HLS basis: The higher KK modes in the mass eigenstates basis (KK modes in the usual sense) do not contribute at all, since our method is equivalent to setting zero the higher mass eigenstate fields B (n) µ = 0 (n = 1) via equation of motion of B (n) µ (see Eq.(2.34)). This is in accord with the fact that the SS model may not be reliable beyond the scale of M KK ∼ 1 GeV. This paper is organized as follows: In Sec. II we start with a class of models of HQCD including the SS model [3, 4] and explain our formulation integrating out arbitrary parts of infinite tower of vector and axialvector mesons in a manner manifestly invariant under the HLS and the external gauge symmetry. We demonstrate that low-energy effective models of HQCD can be formulated by the HLS with O(p 4 ) terms. In Sec. III we calculate the parameters of the HLS Lagrangian from the SS model for the IP-even and IP-odd O(p 4 ) terms. In Sec. IV we present several applications of our method including the pion EM form factor and IP-odd form factors such as π 0 -γ and ω-π 0 transition form factors. Sec. V is devoted to summary and discussion. Appendix A is a proof that Γ 3 defined in the text as a part of the CS action of the SS model is HLS-invariant (and thereby provides the HLS-invariant terms of the IP-odd part of the HLS Lagrangian). In Appendix B DBI and CS terms are expanded in terms of the HLS building blocks. Appendix C is to demonstrate that, as done for the IP-even processes in the text, the same result as that of our integrating out method for the IP-odd form factors is obtained by an alternative method explicitly using sum rules of the infinite tower of the HLS-KK modes.
where g(x µ , z) is the transformation matrix of the gauge symmetry. As far as gauge-invariant sector such as the Dirac-Born-Infeld part of the SS model [3, 4] is concerned, the five-dimensional action in the large N c limit can be written as
where K 1,2 (z) denote a set of metric-functions of z constrained by the gauge/gravity duality. M KK is a typical mass scale of the Kaluza-Klein (KK) modes of the gauge field A M . We choose the same boundary condition of the five-dimensional gauge field A M as done in Refs. [3, 4] :
A transformation which does not change this boundary condition satisfies ∂ M g(x µ , z)| z=±∞ = 0. This implies an emergence of global chiral U (N ) L ×U (N ) R symmetry in four dimensions characterized by the transformation matrices g R,L = g(z = ±∞). With the boundary condition (2.3) imposed, the zero mode of A z is identified with the NGB associated with the spontaneous breaking of the chiral symmetry. The chiral field
is parameterized by the NGB field π as 5) where F π denotes the decay constant of π. U is divided as
7)
#1 In an application to another type of HQCD [6] , the z coordinate is defined on a finite interval, which is different from the z coordinate used here. They are related by an appropriate coordinate transformation as done in Refs. [3, 4] . #2 Models of HQCD having the left-and right-bulk fields such as F L , F R [5, 6] can be described by the same action as in Eq.(2.2) with a suitable z-coordinate transformation prescribed.
with h(x µ ) being the transformation of the hidden local symmetry (HLS) [10] [11] [12] . Here we note that we can introduce an infinite number of HLSs by dividing U into a product of an infinite number of ξ fields [10, 11] .
R symmetry can be gauged by the external fields L µ and R µ including the photon field through the boundary condition [4] 
This gauge symmetry is identified [3, 4, 13] with the above HLS. In this gauge the NGB fields reside in the boundary condition for the five-dimensional gauge field A µ as
where 11) which transform under the HLS in the same way as in Eq. (2.9). Note that, in this gauge, we explicitize a single HLS among an infinite number of HLSs while the chiral symmetry is "hidden".
We introduce an infinite tower of the massive KK modes of the vector (V µ (x µ ) transform as the HLS gauge boson: µ (x µ ) transform as the matter fields:
It should be noted that the vector meson fields V µ (x µ ) in Refs. [3, 4] which transform as matter fields,
14)
The five-dimensional gauge field A µ (x µ , z) is now expanded as
The functions {ψ 2n−1 (z)} and {ψ 2n (z)} are the eigenfunctions #4 satisfying the eigenvalue equation obtained from the action (2.2): 16) where λ n denotes the nth eigenvalue. On the other hand, the gauge invariance requires the functions φ R,L (z) to be different from the eigenfunctions: From the transformation properties in Eqs.(2.9) and (2.11)-(2.13), we see that the functions, φ R,L (z), {ψ 2n−1 (z)} and {ψ 2n (z)} are constrained as
#3 In Eq.(2.15) we put a relative minus sign in front of the HLS gauge fields V (n)
µ (x µ ) for a convention. #4 The eigenfunction for n = 2k (k = 1, 2, . . .) is an odd function of z, while that for n = (2k − 1) is an even function.
Using this, we may rewrite Eq.(2.15) to obtain
respectively transform under the HLS as
Note that α µ⊥ includes the NGB fields as
The corresponding wave function (φ R − φ L ) should therefore be the eigenfunction for the zero mode (n = 0 in Eq.(2.16)), ψ 0 :
Thus we see from Eqs.(2.17) and (2.22 ) that the wave functions φ R and φ L are not the eigenfunctions but are given as
By substituting Eq.(2.18) into the action (2.2) with Eq.(2.22) taken into account, the five-dimensional theory is now described by the NGB fields along with an infinite tower of the vector and the axialvector meson fields in four dimensions: The action (2.2) is expressed as
where we have used the eigenvalue equation (2.16) and the orthogonality relation among the eigenfunctions. In the last term of Eq.(2.24) the five-dimensional field strength F µν (x µ , z) can be decomposed into three parts:
where
with
Integrating out KK-modes of vector and axialvector mesons
We are interested in constructing a low-energy effective theory of HQCD written in terms of the meson fields with their masses lower than a certain energy scale. Suppose that those mesons are given by the KK-modes of the HQCD at the level of m ≤ M for the axialvector mesons A 
with the constraint in Eqs. (2.17) and (2.22) unchanged:
As a result, A trun µ (x µ , z) transforms under the HLS as
where µ (x µ ) = 0 for n > N :
. It is obvious that the last line is not invariant under the HLS/chiral symmetry since F Now we shall discuss a method [13] to integrate out KK modes of the HLS gauge bosons, or solving them away through the equations of motion in an HLS/chiral-invariant manner. Equivalently, our method [13] is nothing but eliminating the mass-eigenstate fields B (n) µ in Eq.(2.14) through the equations of motion, B (n) µ = 0, which may be phrased as "neglecting the higher mass excitation modes" [18] . Consider a low-energy effective theory below the axialvector-meson mass of m = M + 1 level and the vector-meson mass of n = N + 1 level, where the higher dimensional terms such as the kinetic terms may be ignored. Then the equations of motion for B 
#5 Some reflections of the violation of the HLS/chiral symmetry will be discussed in Sec. III.
Note that naive truncation is to eliminate the HLS fields V
= 0 in contrast to integrating out as B (n) µ = 0. Putting these solutions into Eq. (2.15), we obtain
This A integ µ transforms under the HLS as
where C integ (z) is identically unity from Eq. (2.29): 
Note the crucial difference between the finite sum in Eq. (2.39) and the infinite sum in Eq. (2.29) . This point will be discussed in Sec. IV to be important for the HLS/chiral invariance which includes the electromagnetic gauge invariance when the system is coupled to the photon as in the pion form factor. The invariance can also be seen by the action (2.24) with the condition of integrating out KK-modes in Eq.(2.34):
It is obvious that each term in Eq. (2.41) is invariant under the HLS.
C. Integrating out HQCD back to HLS
Let us next consider a low-energy effective model obtained by integrating out all the higher vector and axialvector meson fields in HQCD except the lowest vector meson field V (1) 
The resultant low-energy effective theory is given by putting Eq. (2.43) into Eq. (2.41) with M = 0 and N = 1 through Eq. (2.42).
III. APPLICATION TO SAKAI-SUGIMOTO MODEL
In this section, we apply our integrating-out method to the Sakai-Sugimoto (SS) model based on D8/D8/D4 brane configuration [3, 4] . As a result of integrating out higher KK modes other than the lowest one (ρ and its flavor partners), we give a complete list of the O(p 4 ) terms of the hidden local symmetry (HLS) at large N c limit, which was partially reported in the previous work [13] . The anomaly-related (intrinsic-parity odd (IP-odd)) gauge-invariant terms introduced in Ref. [17] are also completely determined by integrating out higher KK modes in the Chern-Simons (CS) term.
We shall first summarize the action of the SS model relevant to our discussion, following Refs. [3, 4] . The model consists of two parts, the Dirac-Born-Infeld (DBI) part and the CS part.
The DBI part is given by
where K(z) = 1 + z 2 is the induced metric of the five-dimensional space-time; the overall coupling G is the rescaled 't Hooft coupling expressed as G = N c g 2 YM /(108π 3 ) with g YM being the gauge coupling of the U (N c ) gauge symmetry on the N c D4-branes the mass scale M KK is related to the scale of the compactification of the N c D4-branes onto the S 1 . Comparing Eq.(3.1) with Eq.(2.2), we read off
Referring to Eq.(2.16), furthermore, we can easily see that Eq.(3.1) yields the eigenvalue equation
with the eigenvalues λ n and the eigenfunctions ψ n of the KK modes of the five-dimensional gauge field A µ (x µ , z). The CS action in the SS model is given by
where M 4 and R represent the four-dimensional Minkowski space-time and the z-coordinate space, respectively. In terms of five-dimensional differential forms, the gauge field and the field strength are written as
, where we use the hermitian gauge field instead of the anti-hermitian one used in Refs. [3, 4] . Then the CS five-form w 5 (A) is expressed in terms of these five-dimensional differential forms as
Crucial is to notice that the CS action (3.4) is not gauge-invariant under the five-dimensional gauge symmetry: Once the A z ≡ 0 gauge is realized by the gauge transformation A → A g = gAg † + igdg † , the CS five-form w 5 (A) in Eq.(3.5) no longer takes the same form as in Eq.(3.5) but is modified as
where α 4 is the four-form function given by
and the modified CS five-form w 5 (A g ) becomes
Putting Eq.(3.6) with Eq.(3.8) into the CS action (3.4), we have
where we have introduced external gauge fields R and L at the boundaries z = ±∞, and
Γ 1 and Γ 2 in Eq.(3.9) exactly reproduce the covariantized Wess-Zumino-Witten (WZW) term [19, 20] , while Γ 3 is HLS-gauge invariant as shown in Appendix A and provides the IP-odd interactions involving vector and axialvector mesons.
A. Dirac-Born-Infeld part
In this subsection, we shall integrate out higher KK modes in the DBI part of the SS model given in Eq.(3.1): 
where a is a parameter and V µν the field strength of the HLS gauge field defined as [12, 15] given by 13) where the explicit form [12, 15] of L i (i = 10-18) is irrelevant to discussions here, and
In the SS model all the HLS parameters in L are calculated as #6 [For details, see Appendix B]
17)
18)
23)
24)
where λ 1 ≃ 0.669 is the eigenvalue obtained from Eq.(3.3) [3, 4] and we defined
for a function A(z). In obtaining Eq.(3.16) we used the following identity
Note that the result y i = 0 (i = 10-18) reflects the fact that the SS model picks up only the large
ν ⊥ ] are of order 1/N c subleading. The 't Hooft coupling G and the mass scale M KK are free parameters of the SS model to be fixed by physical inputs, e.g., experimental values of F π and m ρ . In the holographic QCD the normalization of the eigenfunction ψ 1 is usually taken to be N c G ψ 2 1 = 1 corresponding to the canonical normalization of kinetic term of the HLS gauge field V µ in Eq. (3.12) . In that case, the corresponding HLS gauge coupling g is moved over to the expressionα µ|| , etc., such asα µ|| = −V µ + α µ|| →α µ|| = −gV µ + α µ|| . Thus the HLS gauge coupling g is not determined by the holography. However, as far as tree-level computation including O(p 4 ) terms is concerned, it turns out that physical quantities are independent of g, and thus of normalization of ψ 1 #7 .
B. Chern-Simons part
We shall next turn to the CS part in the SS model. In this subsection we integrate out higher KK modes of the HLS gauge bosons in the CS part of the SS model to determine the anomaly-related IP-odd terms in the HLS model [10] [11] [12] 17] . In Refs. [3, 4] it was shown that Γ 1 and Γ 2 in Eq.(3.9) exactly reproduce the covariantized WZW term [19, 20] . On the other hand, the HLS-gauge invariant portion Γ 3 produces the IP-odd interactions involving vector and axialvector mesons. After integrating out higher KK modes in Γ 3 , we obtain the four HLS-gauge invariant IP-odd terms introduced in Refs. [11, 12, 17] #8 : 34) where the normalization of c 1 -c 4 terms followed Ref. [12] , and
The coefficients of the IP-odd terms are determined as (Detail of the derivation is given in Appendix B. )
39)
#7 It has been shown [12, 21] that some of the O(p 4 ) terms can be absorbed into the redundancy of g through the redefinition of the HLS gauge field. This redundancy corresponds to the fact that physical quantities in the holography do not depend on the normalization of ψ 1 . This redundancy is no longer true at loop level, i.e., physical quantities should depend on g, or normalization of ψ 1 [13] . #8 The same result follows in a different approach at tree level, see Ref. [22] .
where we have introduced, for a function A(z),
Thus, after integrating out higher KK modes, the CS action (3.9) is reduced to the covariantized WZW term Γ WZW cov.
and the IP-odd HLS-gauge invariant terms:
Given a concrete holographic model, our method presented in Sec. II enables us to deduce definite predictions of the model for any physical quantity to be compared with experimental data. In this section we demonstrate power of our method in the case of the Sakai-Sugimoto (SS) model [3, 4] . Physical quantities are written in terms of the generic hidden local symmetry (HLS) model with O(p 4 ) terms, with the Lagrangian parameters being determined by the SS model. Since we have integrated out the higher KK modes of the HLS gauge bosons keeping only the lowest one, the ρ meson (and its flavor partners), the applicable momentum range should be restricted to 0 ≤ Q 2 ≪ {m
We compute momentum dependence of several form factors in the low-energy region ( < ∼ 1 GeV), including the pion electromagnetic (EM) form factor (Sec. IV A) and intrinsic-parity (IP)-odd form factors such as π 0 -γ and ω-π 0 transition form factors (Sec. IV B). In Sec. IV B we also calculate anomaly-related vertex functions such as γ * -π 0 -π + -π − vertex function. Such results were not obtained in the original formulation of the SS model [4] due to complication to handle infinite sum. We further confirm that our method correctly incorporates contributions from higher KK modes of the HLS gauge bosons, in a different way starting with the original expressions of form factors in the SS model written in terms of infinite sum of KK modes. We perform a low-energy expansion of those form factors in a way consistent with our formalism which integrates out higher KK modes into O(p 4 ) terms of the HLS Lagrangian. This reproduces the same results as those obtained from our integrating-out method.
Hereafter we will take N f = 3 in which case the vector meson fields (ρ
µ , · · · ) and the photon (A µ ) field are embedded as follows:
(4.1)
A. Pion electromagnetic form factor
We shall first derive an expression of the pion EM form factor from the general HLS Lagrangian given in Eq.(3.12). Taking unitary gauge of the HLS, we expandα ||µ andα ⊥µ defined in Eqs.(2.44) and (2.45) in terms of the pion fields π as [12] 
2)
Substituting these expansion forms into the Lagrangian (3.12), we have
From 8) and the on-shell g ρ and g ρππ couplings:
is thus constructed from two contributions illustrated in Fig. 1 , one from ρ-mediated diagram (graph (b)), and the rest (graph (a)). By using quantities in Eqs.
can be written as
We may rewrite this expression as
Note that our form factor (4.12) automatically ensures the EM gauge invariance no matter what valuesã andz may take,
Here we note that the "ρ meson dominance" is defined as 16) which is equivalent to takingã 17) and is different from taking g γππ (Q 2 ) = 0 in Eq.(4.6) (absence of graph (a) of Fig. 1 ). Were it not for the O(p 4 ) terms, the definition of the ρ meson dominance would be the same as g γππ (Q 2 ) = (1 − a/2) = 0. as a definite prediction of the SS model for the pion EM form factor. See Fig. 2 (black solid curve) . Here we used the experimental input of m ρ , m ρ = 775 MeV [23] . (We do not need an experimental input of F π for this quantity.) The experimental data from Refs. [24] [25] [26] [27] Given any holographic model, our method can make a definite prediction of the model for the pion EM form factor in terms of two parametersã andz of the general HLS model which are determined by integrating out higher KK modes of the HLS gauge bosons. The best fit values in the above are the reference values to be compared with those of the holographic models. In comparison with the ρ meson dominance, the deviation fromã = 2 andz = 0 represents the contributions of higher KK modes in the generic holographic model as will be shown below.
We
(4.20)
Our method is to integrate out the higher KK mode effects into the O(p 4 ) terms of the HLS Lagrangian having only the ρ meson as a dynamical degree of freedom. To be consistent with our method, we expand this form factor as
. Note that the O(p 4 ) terms of the Lagrangian correspond to O(Q 2 ) terms in the expansion of the pion EM form factor. Using the sum rules [4] ,
we have
From Ref. [4] , we read off g ρ and g ρππ as well as m ρ
27)
where we retained ψ 2 1 to make explicit the ambiguity of the normalization of ψ 1 in contrast to Ref. [4] where the normalization of ψ 1 is fixed as N c G ψ 
(4.29)
#10 In Ref. [13] the expression corresponding to Eq.(4.28) has a typo.
Comparing Eqs.(4.18) and (4.19), we arrive at
and hence at the same result as that obtained by our method integrating out higher KK modes (Eq.(4.15) with Eqs.(4.18) and (4.19)):
(4.31)
The deviation from the ρ meson dominance is parameterized as 
This implies that the deviation from the ρ meson dominance (ã ≃ 2.62,z ≃ 0.08) comes dominantly from the ρ ′ -meson contribution.
Since the result is identical to that of our method which is manifestly EM-gauge invariant by construction (See Eqs.(2.36),(2.37) and (2.41)), the resultant form factor (4.31) should be EM gauge invariant. In fact, we have In contrast, a naive truncation corresponding to the Lagrangian in Eq.(2.33) would read
which corresponds to ignoring the last two terms in Eq.(4.21) coming from higher KK modes to both O(p 2 ) and O(p 4 ) terms. Since the Lagrangian (2.33) is gauge non-invariant, so is the form factor above, 
B. Anomaly-related intrinsic parity-odd processes
In this subsection we calculate momentum dependence of the IP-odd form factors, π 0 -γ and ω-π 0 transition form factors. We also study several IP-odd vertex functions such as π 0 -γ 1. π 0 -γ * -γ * vertex function and π 0 -γ transition form factor
We start with an expression of effective π 0 -γ * -γ * vertex function from the general HLS Lagrangian (Eqs.(3.12) and (4.39)):
where q 1,2 represent outgoing four-momenta of virtual photons γ * and
We further rewrite Eq.(4.40) as follows:
where we have used an identity for an arbitrary coefficient C,
and defined
46)
which reproduces the low-energy theorem:
The ρ/ω meson dominance [28] for this process is defined in a way similar to Eq.(4.16) by taking
The π 0 -γ transition form factor F π 0 γ is obtained from Eq.(4.43) by setting one of the photon-momentum squared (q 2 1 or q 2 2 ) to be zero:
2 ) and we definedc
The ρ/ω meson dominance defined by Eq.(4.50) reads [23] . The experimental data are from Ref. [29] which is the only experiment in the space-like region #11 . Figure 3 shows that the momentum dependence of 
where p and k respectively denote incoming four-momentum of ω and outgoing momentum of γ * . Using the identity (4.44), we rewrite Eq.(4.58) into the following form:
Note that (A ωπγ + B ωπγ ) is not constrained, which is consistent with the fact that there is no low-energy theorem for Eq.(4.59) in the low-energy limit: 
± ) which is calculated through the effective ω-π 0 -γ * vertex function as
The transition form factor F ωπ 0 is then expressed as The ρ meson dominance [28] for this transition form factor is defined in a way similar to Eq.(4.16) by takingr = 1 as which implies that the form factor F ωπ 0 in the SS model violates (about 50%) the ρ meson dominance withr = 1. The predicted curve in time-like momentum region is shown in Fig. 4 as a black solid line together with the experimental data [30, 31] . Figure. 
We start with an expression of effective γ * -π 0 -π + -π − vertex function obtained from the general HLS Lagrangian (Eqs.(3.12) and (4.39)):
where p and q ±,0 respectively stand for incoming four-momentum of γ * and outgoing four-momenta of π ± and π 0 . By using the identity (4.44), the expression (4.72) may be rewritten as
75)
76)
The ρ/ω meson dominance for this process is defined in a way similar to Eq.(4.16) by taking 
The ω → π 0 π + π − decay width is given by
where E ± and q ± are respectively energies and three-momenta of π ± in the rest frame of ω. We construct the ω → 3π form factor F ω→3π from the general HLS Lagrangian (Eqs.(3.12) and (4.39)):
where q 0,± are four-momenta of π 0,± , respectively. Using the identity in Eq.(4.44) we may rewrite F ω→3π into the following form:
Note that (A ω3π + B ω3π ) is not constrained because there is no low-energy theorem for Eq.(4.88) in the low-energy limit:
in contrast to Eqs.(4.48) and (4.79) for the π 0 -γ * -γ * and γ * -π 0 -π + -π − vertex functions, respectively. The ρ meson dominance [28] for this process is defined in a way similar to Eq.(4.16) by taking A ω3π = 0 in the form factor F ω→3π as
We shall evaluate the parameters in Eq.(4.88) in the SS model. Using Eqs.(3.17), (3.27), (3.36), (3.37), and (3.38), we have where we used the experimental inputs of m ρ and F π , m ρ = 775 MeV and F π = 92.4 MeV [23] , to determine the value of (N c G) (N c G ≃ 0.01). An amount of deviation from the ρ meson dominance is estimated independently of value of (N c G) as
which implies that the form factor F ω→3π in the SS model is well approximated by the ρ meson dominance. Let us now calculate the decay width Γ(ω → π 0 π + π − ) in the SS model. To do this, we first estimate the value of g ρππ which appears in Eq.(4.88) as the overall coefficient. Using Eq.(C.35) and the experimental values of m ρ and F π , we get g ρππ | SS ≃ 4.84. Second, we evaluate the phase space integral using experimental inputs for m π ±,0 and m ω , m π ± = 140 MeV, m π 0 = 135 MeV and m ω = 783 MeV [23] . Thus we obtain
This is the first full result obtained by our method which includes effects from infinite tower of higher KK modes. The result is compared with the experimental value [23] 
It
In order to study this difference, let us discuss the original form of the form factor [4] :
To be consistent with our method which integrates out higher KK modes into O(p 4 ) terms of the general HLS Lagrangian, we expand Eq.(4.99) as
) (k ≥ 2) which corresponds to terms higher than O(p 4 ) in the Lagrangian. The coefficient of the second term, g ωρπ , is read off from Ref. [4] as
Note that the expression of (3g ωρπ ) is exactly the same as that of B ω3π SS in Eq.(4.94). We may therefore write 
and using the expression of g ρππ in Eq.(4.28) and that of g ωρπ in Eq.(4.101), we may read off
This is a new sum rule which was not obtained in Ref. [4] . This sum rule shows that the form factor (4.102) includes effects of full set of the infinite tower of the vector mesons. In contrast, in Ref. [4] some parts of the contributions are examined by naively truncating the infinite tower as in Eq.(2.33).
V. SUMMARY AND DISCUSSION
In this paper, we developed our method of integrating out higher KK modes of the HLS gauge bosons identified as vector and axialvector mesons in a class of HQCD models including the SS model. Our method is to integrate out higher KK modes through their equations of motion for the HLS gauge bosons A Since α µ|| keeps the same HLS transformation property as that of the fields of the integrated-out KK modes, our method is manifestly invariant under the HLS and chiral symmetry including the external gauge symmetry. On the contrary, a naive truncation corresponds to simply putting fields of higher KK modes to be zero which does not reproduce the correct transformation property as shown in Eq.(2.31), and hence violates the HLS and the external gauge symmetry.
Given a concrete HQCD not restricted to the SS model, our method enables us to deduce definite predictions for any physical quantity which can always be written in terms of the parameters of the general HLS model, thus can be compared with experimental data once those parameters are determined from the HQCD.
To show the power of our method, we took the SS model as an example. The SS model is thought to be valid only below the M KK scale, so higher-KK (mass eigenstate) fields should not contribute in the low-energy physics. In our integrating out method this was reflected by setting higher mass eigenstate fields B In the same fashion, we evaluated the π 0 -γ ( Fig.3 ) and ω-π 0 (Fig. 4) transition form factors, which were compared with experimental data together with the best fit within the general HLS model and the result of the ρ/ω meson dominance. It turned out that in the SS model the π 0 -γ transition form factor disagrees with the experimental data, while the ω-π 0 transition form factor is consistent with the data. We also presented the results for the related quantities such as γ * -π 0 -π + -π − and ω-π 0 -π + -π − vertex functions. We further derived the same form factors by a different method dealing with the infinite sum explicitly without using the general HLS Lagrangian. This confirms that our formulation correctly includes contributions from infinite set of higher KK modes and that infinite sum is crucial for the gauge invariance. Actually, the EM gauge symmetry and chiral symmetry (low-energy theorem) in the form factors are obviously violated by a naive truncation simply neglecting higher KK modes instead of taking the infinite sum.
Our method was used to deduce predictions of the SS model which were not available before. Summarizing the SS model prediction to be compared with the experiment:
(I) The pion EM form factor (Fig. 2) The item (I) implies no obvious need for corrections as to space-like momentum region, while in the time-like region the DBI part of the SS model yields for the KSRF I and II [4] ,
which would need some corrections such as 1/N c subleading corrections [13] . The item (II) implies that the SS model would need corrections for the CS term which may arise as 1/N c subleading terms. Our formulation can also be used to test other HQCD and suggest possible corrections. Throughout this paper, we confined ourselves to the leading order in the 1/N c expansion. We demonstrated that as far as the 1/N c -leading order form factors are concerned, the same results as those of our method can also be obtained by other methods using sum rules for infinite sum of KK modes instead of the HLS Lagrangian. As far as the tree level is concerned, our method setting fields of higher mass eigenstates B (n) µ = 0 as in Eq. (2.34) in the HLS basis is obviously equivalent to the same setting in the Lagrangian written in terms of B (n) µ [18] without explicit use of the HLS gauge basis. However, in our method based on the HLS formalism, the systematic chiral perturbation can straightforwardly incorporate the 1/N c subleading effects through loop calculations. Further studies along this line will be done in future.
Our focus in this paper has been on the 1/N c -leading action and its derivative expansion. There could be another source, which affects coefficients of O(p 4 ) terms, arising from 1/λ expansion. Further development of our method incorporating such another source will be pursued in future.
In the end, we emphasize that our formulation can be applicable to several types of HQCD models [5, 6, 32] and models including baryons [18, 33] . It will also be interesting to apply our method to HQCD models in hot and/or dense matter [34] , and furthermore so-called holographic (walking) technicolor models [35] and Higgsless models [36] .
which can be separated into two portions,
As to Γ 31 , we calculate it as
From the transformation properties of v and a, and noting that ∂ z v = ∂ zṽ transforms homogeneously under the HLS, we see that Γ 31 is HLS-gauge invariant.
As to Γ 32 , we first consider the first term in it:
The first term of Eq.(A.13) is calculated to be zero:
Thus we have where we have defined
Using the identities,
we obtain We start with an expression of Γ 3 given in Eq.(A.8):
where vector (v) and axialvector (a) fields are taken to be anti-hermitian for convenience. After integrating out higher KK modes in the CS part, v and a respectively become
(B.9)
Substituting these expressions into Eq.(B.7), we calculate Γ 3 as follows:
where A = dzA(z) for an arbitrary function A(z), and we have used an identity, 11) and defined
Moving on to four-dimensional Minkowski-space time and rewriting 1-forms in terms of hermitian fields, we obtain
19)
The IP-odd terms in the HLS model are given in terms ofα || ,α ⊥ as (See Eq.(3.34))
(B.21)
Comparing this form with Γ 3 in Eq.(B.16), we find 25) which readily lead to Eqs.(3.36)-(3.39).
Appendix C: Alternative derivation of our results for IP-odd processes and its gauge/chiral invariance
In this appendix, to see that our formalism correctly incorporates contributions from higher KK modes of the HLS gauge bosons in the IP-odd sector, we shall perform a low-energy expansion of the original forms of the vertex functions [4] for π 0 -γ * -γ * , ω-π 0 -γ * and γ * -π 0 -π + -π − to be consistent with our integrating-out method as was done in Sec. IV A (See Eq.(4.21)). We also discuss a naive truncation and violation of gauge/chiral invariance.
1. π 0 -γ * -γ * vertex function and π 0 -γ transition form factor
We begin with the original form of the π 0 -γ * -γ * vertex function written in terms of infinite sum of vector meson exchanges [4] :
where the coupling g ω k ρ l π is defined in the SS model as
Consistently with our method which integrates out higher KK modes into O(p 4 ) terms of the HLS Lagrangian, we expand Eq.(C.1) as
, which correspond to terms higher than O(p 4 ) in the Lagrangian. Using the sum rules [4] ,
The right hand sides are identical to A and hence we arrive at the same result as that derived from our method integrating out higher KK modes (Eq. which contradicts with the low-energy theorem (4.49).
2. ω-π 0 -γ * vertex function and ω-π 0 transition form factor
We start with the form [4] :
g ωρnπ g ρn m 2 ρn + k 2 .
(C.21)
We expand this expression to be consistent with our method integrating out higher KK modes into O(p 4 ) terms of the general HLS Lagrangian: 22) up to terms of O(k 2 /m 2 ρn ) (n ≥ 2) which correspond to terms higher than O(p 4 ) in the Lagrangian. Using the first sum rule displayed in Eq.(C.4), we have #12. ). Unlike the case of the pion EM and π 0 -γ transition form factors, the violation of gauge symmetry is not manifest in the ω-π 0 transition form factor F ωπ 0 since there is no low-energy theorem for this process.
The original form [4] can be expanded consistently with our integrating-out method:
The right hand sides are identical to A 
Since the resultant form is equivalent to that obtained from our method which is manifestly gauge invariant by construction (See Eqs.(2.36),(2.37) and (2.41)), the low-energy theorem (4.79) is actually satisfied: which contradicts with the low-energy theorem (4.79) and hence breaks the EM gauge symmetry. It should be noted again that the ρ/ω truncation (C.47) is different from the ρ/ω meson dominance (4.80) which is gauge invariant.
